Spin accumulation created electrically in an n-type germanium channel using Schottky tunnel contacts J. Appl. Phys. 111, 07C503 (2012) Epitaxial Fe(1−x)Gax/GaAs structures via electrochemistry for spintronics applications J. Appl. Phys. 111, 07E502 (2012) Metal contact to graphene nanoribbon Appl. Phys. Lett. 100, 063108 (2012) Cross-linking of a poly(3,4-ethylene dioxythiophene):(polystyrene sulfonic acid) hole injection layer with a bisazide salt and the effect of atmospheric processing conditions on device properties APL: Org. Electron. Photonics 5, 34 (2012) Additional information on Appl. Phys. Lett. A method of fabricating highly rectifying Schottky contacts on n-type ZnO using silver oxide has been developed and used to compare diode performance on hydrothermal and melt grown, bulk, single crystals. Silver oxide diodes on hydrothermal ZnO have lower ideality factors, lower reverse current voltage dependence, higher series resistance, and larger surface-polarity related differences in barrier height, compared to those on melt ZnO. These effects are explained by the large difference in resistivity between hydrothermal and melt ZnO. Barrier heights of 1.20 eV were achieved on the Zn-polar face of hydrothermal ZnO which are the highest reported for n-type ZnO.
In recent years, ZnO has been the subject of renewed interest with the aim of fabricating light detecting and emitting devices in the UV spectrum. The production of high quality p-n junctions has proved elusive because of difficulties in the growth of p-type material. 1 However, the fabrication of Schottky contacts on n-type ZnO allows the realization of a range of useful devices such as UV photodiodes, power diodes, and transistors.
The main "figures of merit" for Schottky contact performance are the effective barrier height ͑⌽ B ͒ and the ideality factor ͑n͒. Figure 1 shows these parameters for the "best" Schottky contacts reported in the literature. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] Values of n greater than unity are caused by nonideal behavior which includes image force lowering, thermionic field emission, and lateral contact inhomogeneity. 13 Among these, contact inhomogeneity is a dominant cause of high n values ͑Ͼ1.1͒ on reasonable quality, undoped material. A number of different surface pretreatments have been reported including the use of oxygen plasmas, 3, 12 ozone, 9 and hydrogen peroxide. 10 However, the best reported Au and Pt Schottky contacts have been achieved on bulk ZnO wafers using just a simple surface clean with organic solvents. 4, 11 This suggests that ZnO material quality, handling protocols, and contact deposition conditions may be more important factors. A number of researchers have reported significant age related improvements in Au, Ag, and Pd Schottky contacts, 4, 14 which suggests that chemical bonding at the ZnO-metal interface may also be important.
In this letter, we report on the use of silver oxide to produce high quality rectifying contacts on n-type ZnO. Bulk grown, single crystal ZnO substrates were used: ͑1͒ a double sided polished, hydrothermally grown, 15 c-axis wafer ͑HT-1͒ from Tokyo Denpa Co. Ltd. was cut to provide Zn-polar and O-polar samples; ͑2͒ three single sided polished, pressurized melt grown, 16 wafers ͑PM-1, PM-2, and PM-3͒ from Cermet Inc. provided Zn-polar, O-polar, and a-plane samples, respectively. Table I gives the room temperature ͑RT͒ electrical characteristics of these bulk ZnO wafers obtained from Hall effect measurements using the van der Pauw geometry. The carrier concentration of "hydrothermal ZnO" is typically two to three orders of magnitude lower than that of "melt ZnO." This is mainly due to the presence of compensating Li and Na acceptor impurities in the hydrothermal material. 1, 15 Each as-received wafer was ultrasonically precleaned for 5 min in warm acetone followed by rinsing in methanol, isopropyl alchohol, and drying in N 2 . The wafers were then spin coated with AZ1518 photoresist. Arrays of 300 m diameter circular Schottky contacts were patterned by UV lithography and developed using tetramethyl ammomium hydroxide ͑TMAH͒ for 20 s followed by a final rinse in de-ionized ͑DI͒ H 2 O and drying in N 2 . A 40 nm thick silver oxide film was then deposited by the reactive rf sputtering of a Ag target ͑99.99% purity͒ using an Ar/ O 2 plasma, a rf power of 50 W, and a processing pressure of 4 ϫ 10 −3 mbar. A Pt capping layer was then deposited onto the silver oxide film by e-beam evaporation. Following the lift-off of the silver oxide/Pt bilayer, annular Ti/ Al/ Pt Ohmic rings were fabricated using lift-off photolithography and e-beam evaporation. The annular gap between the Schottky and Ohmic contacts was 25 m.
In order to investigate the condition of the ZnO surface prior to silver oxide deposition, variable angle, x-ray photoelectron spectroscopy ͑XPS͒ was performed on the Zn-polar and O-polar faces of a hydrothermal ZnO wafer immediately after developing with TMAH/DI H 2 O/N 2 . the O 1s core level spectra. Two main oxygen species can be identified: a peak at 531.0 eV due to ZnO lattice oxygen and a peak at 532.8 eV due to hydroxyl groups. The spectra remained unchanged after a further 24 h in vacuum conditions ͑ϳ5 ϫ 10 −8 m bar͒, indicating both faces contained a uniform layer of hydroxide ͑estimated thickness ϳ0.6 nm using the method of Spruytte et al. 17 ͒ prior to Schottky contact deposition.
The silver oxide Schottky diodes were characterized by current-voltage ͑I-V͒ and capacitance-voltage ͑C-V͒ measurements at room temperature, in dark conditions, and with the diodes exposed to air. Figures 3͑a͒ and 3͑b͒ show the I-V characteristics of the best silver oxide diodes. The diodes on both types of bulk ZnO have very high rectifying ratios, in excess of 10 8 V at Ϯ1 V. The diodes on hydrothermal ZnO have a smaller reverse current voltage dependence while those on melt ZnO have a lower series resistance R s . The current transport through a Schottky junction can be described by the thermionic emission ͑TE͒ of majority carriers over the junction barrier using
where A * is the effective Richardson constant, which for ZnO has a theoretical value of 32 A cm −2 K −2 . Equation ͑1͒ was used to determine ⌽ B and n for a number of silver oxide diodes on each sample and these are plotted against each other in Figs. 3͑c͒ and 3͑d͒. These plots confirm the previously reported polarity effect for hydrothermal ZnO, 18 with diodes on the Zn-polar face having approximately 200 meV higher barriers than those on the O-polar face. A much smaller polarity effect is evident for diodes on melt ZnO, with a barrier height difference of only 50 meV between the Zn-polar and O-polar faces. Diodes on the nonpolar, a-plane face have intermediate barrier heights, which is similar to the case for m-plane diodes on hydrothermal ZnO. 4 Figures 4͑a͒ and 4͑b͒ show the C-V characteristics of the best silver oxide contacts. The capacitance of a Schottky junction is given by
where A is the junction area, s is the static dielectric constant, and V bi is the built-in potential. Table II gives the values of ⌽ B from C-V measurements: ⌽ B,C-V = V bi + , where = kT / q ln͑N C / N D ͒ is the energy difference between the Fermi level and the bottom of the conduction band ͑N C is the conduction band density of states ϭ 2.94ϫ 10 18 cm −3 ͒. Figures 4͑c͒ and 4͑d͒ show the effective donor concentration depth profile for each sample, using Eq. ͑2͒ and C = s 0 A / d, where d is the depletion region width. These profiles show a lower donor concentration near the Zn-polar face compared to the O-polar face.
For each of the ⌽ B vs n plots in Fig. 3 , ⌽ B becomes smaller with increasing n. This is due to increasing lateral inhomogeneity of the Schottky contacts. 19 The real barrier , can be obtained by the extrapolation of these plots to the corresponding image force controlled ideality factor n if , 19 1
where ⌬⌽ if is the image force lowering of the barrier height, V is the bias voltage, and ϱ is the optical dielectric constant. Table II gives the zero bias values of ⌬⌽ if and n if ͑using N D from C-V measurements͒, and ⌽ B hom extrapolated from Figs. 3͑c͒ and 3͑d͒. The influence of image force lowering is greater for the diodes on melt ZnO, but for neither material does image force lowering fully explain the measured ideality factors of the best diodes.
Another possible contributor to nonideal behavior is thermionic field emission ͑TFE͒. The parameter E 00 determines the relative importance of tunneling to TE,
where m * is the electron effective mass. TFE becomes significant when E 00 ϳ kT. E 00 can also be used to determine the ideality factor n tun due to TFE. 13 Table II shows the values of E 00 / kT and n tun for each sample. Here N D,Hall ͑Table I͒ was used, as E 00 is a bulk property. These parameters indicate that TFE is insignificant for silver oxide diodes on hydrothermal ZnO and causes only a small increase in ideality factor for diodes on melt ZnO. However, the presence of traps in the depletion region can increase the tunneling probability, and consequently, n tun as carriers can first tunnel into these traps and then through the barrier.
In summary, highly rectifying silver oxide Schottky contacts were fabricated on hydrothermal and melt grown, bulk ZnO wafers whose resistivities differ by nearly three orders of magnitude. A polarity effect was observed on both types of bulk ZnO in that silver oxide diodes fabricated on the Zn-polar face had higher barriers than those on the O-polar face. This effect was much larger on the high resistivity hydrothermal ZnO. This is consistent with a previously described model of surface band bending, due to the large spontaneous polarization of ZnO along the c axis, 18 in which the upward band bending at the Zn-polar face increases with decreasing carrier concentration. The silver oxide contacts on melt ZnO had higher ideality factors and a larger reverse current voltage dependence. This again is largely due to the higher carrier concentration of melt ZnO which makes image force lowering and thermionic field emission effects more significant. Variable angle XPS showed that both the Znpolar and O-polar ZnO surfaces are covered with an ϳ0.6 nm thick hydroxide layer prior to Schottky contact deposition. It is possible that the oxygen plasma used in the fabrication of the silver oxide contacts has the beneficial effect of removing this contamination. However, the best reported Au and Pt Schottky contacts 4, 11 have been achieved on hydrothermal bulk ZnO with an identical sample preparation to the one used here but without any plasma being involved.
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TABLE II. Characteristics of the best silver oxide diodes on hydrothermal and melt bulk ZnO wafers from I-V and C-V measurements at RT, and calculated image force lowering and tunneling parameters ͓ideality factor ͑n͒, barrier height ͑⌽ B,I-V ͒, built in potential ͑⌽ bi,C-V ͒, barrier height ͑⌽ B,C-V ͒, effective donor density ͑N D,C-V ͒, image force lowering of ⌽ B ͑⌬⌽ if ͒, image force controlled ideality factor ͑n if ͒, laterally homogeneous barrier height ͑⌽ B hom ͒, tunneling parameter ͑E 00 / kT͒, and TFE controlled ideality factor ͑n tun ͔͒. 
